The magnetic activity of the Sun becomes stronger and weaker over roughly an 11 year cycle, modulating the radiation and charged particle environment experienced by the Earth as "space weather." Decades of observations from the Mount Wilson Observatory have revealed that other stars also show regular activity cycles in their Ca II H+K line emission, and identified two different relationships between the length of the cycle and the rotation rate of the star. Recent observations at higher cadence have allowed the discovery of shorter cycles with periods between 1-3 yr. Some of these shorter cycles coexist with longer cycle periods, suggesting that two underlying dynamos can operate simultaneously. We combine these new observations with previous data, and we show that the longer and shorter cycle periods agree remarkably well with those expected from an earlier analysis based on the mean activity level and the rotation period. The relative turbulent length scales associated with the two branches of cyclic behavior suggest that a near-surface dynamo may be the dominant mechanism that drives cycles in more active stars, whereas a dynamo operating in deeper layers may dominate in less active stars. However, several examples of equally prominent long and short cycles have been found at all levels of activity of stars younger than 2.3 Gyr. Deviations from the expected cycle periods show no dependence on the depth of the convection zone or on the metallicity. For some stars that exhibit longer cycles, we compute the periods of shorter cycles that might be detected with future high-cadence observations.
INTRODUCTION
Activity cycles akin to the 11 year sunspot cycle have been seen for many late-type stars in their Ca II H+K line emission, since Wilson (1963 Wilson ( , 1968 Wilson ( , 1978 initiated their systematic study half a century ago. This emission is a proxy of chromospheric activity (Eberhard & Schwarzschild 1913) . The Ca II H+K flux, normalized by the bolometric flux, is denoted by R HK . The chromospheric contribution, denoted by R ′ HK , is approximately proportional to the square root of the mean magnetic field strength at the stellar surface (Schrijver et al. 1989) . Noyes (1983) showed that the timeaveraged value, R ′ HK , is proportional to the inverse Rossby number, τ /P rot , where τ is the turnover time obtained from stellar mixing length models and P rot is the stellar rotation period. For large values of τ /P rot , the star's activity saturates at log R ′ HK ≈ −4.2 (Noyes et al. 1984a) , which is interpreted in terms of starspots having filled the entire surface of the star (Saar & Linsky 1985) . The time trace of R ′ HK varies with the activity cycle, revealing its cycle period P cyc . However, it is affected by flares and the presence of spots. The relative cycle amplitude can be determined as A cyc = ∆R ′ HK /R ′ HK ≡ ∆ ln R ′ HK . The time trace can also be used to infer P rot . Understanding the dependence of these quantities on other stellar properties is an important goal of stellar dynamo theory.
The work of Noyes et al. (1984b) showed that, for G and K dwarfs with τ between 11 and 26 days and P rot between 22 and 48 days, 1/P cyc scales with τ /P rot as 1/P cyc ∝ (τ /P rot ) n ,
Electronic address: brandenb@nordita.org where n = 1.25. Kleeorin et al. (1983) theoretically studied two types of stellar dynamos: one with overlapping induction layers (as in the early work of Parker 1955) and one with non-overlapping ones (as in the spherical shell models of Steenbeck & Krause 1969) . They found that, in the former case of overlapping induction layers, the cycle period of the fastest growing mode obeys n = 4/3, which is close to the observed value. Later, using nonlinear, plane-wave dynamo models, Robinson & Durney (1982) found n < 1 for different nonlinearities, which was in conflict with the observations. In a subsequent review, Baliunas & Vaughan (1985) showed that there are many more stars that do not obey any relation between P cyc and P rot . However, this view has changed considerably in subsequent years. A major difficulty lies in the fact that, when comparing stars of different spectral type, one has to rely on a meaningful determination of τ , which is a model-dependent quantity. Noyes et al. (1984a) computed τ as the ratio of the mixing length to the turbulent velocity approximately one scale height above the bottom of the convection zone. The relevance of such a definition is unclear, given that the location of the dynamo is still not known. Parker (1975) assumed it to operate at the bottom of the convection zone, whereas Brandenburg (2005) argued in favor of a dynamo distributed throughout the convection zone, but with the near-surface shear layer playing an important role in producing the observed equatorward migration of the toroidal flux belts; see corresponding models by Pipin & Kosovichev (2011) . Flux transport dynamos (Choudhuri et al. 1995; Dikpati & Charbonneau 1999) , on the other hand, are intermediate in the sense that the toroidal field resides mostly at the bottom of the convection zone, and is the result of shearing a poloidal field that is sourced by the tilt of decaying active regions at the surface. Thus, it has non-overlapping induction layers, as in Steenbeck & Krause (1969) , but with meridional circulation playing an important role in determining cycle period and migration direction of the toroidal flux belts. The resulting cycle period then decreases with increasing rotation period with n ≈ −0.25, which has the wrong sign (Jouve et al. 2010; Karak et al. 2014) .
To avoid the dependence on τ in the interpretation of stellar cycle data, Tuominen et al. (1988) considered the ratio P cyc /P rot , which they found to decrease systematically with increasing thickness of the convection zone. Following a similar idea, Soon et al. (1993) plotted this ratio versus age and color B − V , whereas (hereafter BST) plotted it versus both R ′ HK (hereafter BST diagram) and τ /P rot . These papers used a subset of the extended data set from the Mount Wilson HK project (Baliunas et al. 1995) 1 . Owing to the proportionality between R ′ HK and τ /P rot , both graphs are similar and show two branches with positive slopes, ν A and ν I . The subscripts A and I for active and inactive refer to the two groups of stars in a previously identified bimodal distribution as a function of R ′ HK with a local minimum at log R ′ HK ≈ −4.75, which is known as the Vaughan-Preston gap (Vaughan & Preston 1980) .
The question of which quantities to plot against each other is of considerable importance to the present paper. The sensitivity to a model-dependent definition of the turnover time is obviously alleviated when plotting just P cyc against P rot , as done by Böhm-Vitense (2007) (hereafter BV), referred to below as the BV diagram. In such a representation, the same two branches are recovered, suggesting a basic equivalence between the BV and BST diagrams. However, in the BV diagram, the Sun appears between the two branches, whereas it is closer to the inactive branch in the BST diagram. The idea that the Sun takes a special position (in one of the two representations) has received much interest and deserves a renewed look.
Because R ′ HK and τ /P rot are proportional to each other and since R ′ HK is often not available (Saar & Brandenburg 1999) , the representation of the period ratio over τ /P rot has become popular. However, in comparison with the BV representation, it suffers from the shortcoming that it now involves the modeldependent and ill-determined turnover time. It is therefore important to remind the reader that this criticism does not apply to the original BST diagram, which does not use τ /P rot , but instead R ′ HK , which is an observational quantity -independent of stellar models.
An important difference between the BST and BV diagrams lies in the fact that the BST diagram takes into account the dependence on another parameter, namely R ′ HK . Using the linear representation of P cyc versus P rot , BV found that the two are proportional to each other, but with different slopes. In other words, their ratio P cyc /P rot is constant on each of the two branches. If this were strictly true, the branches in the BST diagram should be horizontal, so the slopes ν I and ν A would vanish. This does not seem to be the case, however, and the new data points discussed in this paper confirm this. Indeed, a linear fit in the BV representation implies n = 1 in Equation (1), whereas Noyes et al. (1984b) found n = 1.25.
The graph of P rot /P cyc versus R ′ HK has a theoretical interpretation in terms of mean-field dynamo theory. For this 1 http://www.nso.edu/node/1335 discussion, it is useful to define the cycle and rotation frequencies, ω cyc = 2π/P cyc and Ω = 2π/P rot , so ω cyc /Ω = P rot /P cyc . Next, we assume that both the α effect and the radial angular velocity gradient, Ω ′ , are proportional to Ω, and that the α effect depends on the mean magnetic field, B, via a "quenching function." For a plane-wave αΩ dynamo, the cycle frequency is given by (Stix 1976) 
Because R ′ HK is approximately proportional to B 0.5 (Schrijver et al. 1989) , the graph of ω cyc /Ω versus R ′ HK is a direct representation of the quenching function.
Positive slopes, i.e., positive values of ν A and ν I therefore indicate that the α effect is an increasing function of magnetic field strength on these branches. This is referred to as "anti-quenching," which suggests that the α effect is magnetically driven, and therefore the result of a magnetic instability (Brandenburg & Schmitt 1998) -not, as usually assumed, driven by flow instabilities such as convection, which would be suppressed with increasing B. In this model, saturation of the dynamo would be achieved by turbulent diffusion also being an increasing function of magnetic field strength (BST). Explicit evidence for an α effect and a turbulent diffusivity that increase with increasing field strength has been obtained by Chatterjee et al. (2011) . For larger field strengths, however, we expect proper quenching with a negative slope, which was confirmed for a group of stars that was referred to as superactive stars (Saar & Brandenburg 1999) .
The topic of stellar cycle frequencies has received increased attention in recent years with new data of high cadence becoming available, allowing the determination of shorter cycle periods (Metcalfe et al. , 2013 Egeland et al. 2015) . Spectropolarimetric surveys also led to measuring magnetic fields (Marsden et al. 2014) . Furthermore, photometric data collected by missions such as Kepler provided additional activity cycle detections and the measurement of activity levels (e.g. García et al. 2010; García et al. 2014; Mathur et al. 2014; Salabert et al. 2016a ). The question of cycle frequencies has become particularly interesting in connection with the recent discovery of reduced magnetic braking of stars whose activity falls below a certain threshold . The Sun happens to fall close to this threshold value (log R ′ HK ≈ −4.95), suggesting it therefore to be within a state of transition . This idea has so far only been discussed in the framework of the BV diagram, in which the Sun takes a prominent position. One of our aims is therefore to clarify the apparent contradiction to the BST diagram. For this purpose, we combine the results from a larger data set, and assess carefully the reliability of all the stars in our sample. Furthermore, we initially consider only K dwarfs, because they tend to have more clearly defined cycle periods. We then study F and G dwarfs-keeping in mind, however, that their cycles tend to be more irregular, and therefore the determination of cycle periods is often less certain. We then discuss individual stars, first those with two cycles, and then inactive and active stars with just one short or one long cycle, respectively. In several cases, we discuss theoretically computed values that would be expected based on our fits. Finally, we consider possible dependencies of the residuals on metallicity, age, or thickness of the convection zone.
ANALYSIS OF CYCLE PERIODS
2.1. Sample selection Out of the 112 stars of Baliunas et al. (1995) , BST used a subset of 21 stars. BV excluded HD 219834A, but included 6 additional stars (HD 1835, HD 20630, HD 76151, HD 100180, HD 190406, and HD 165341A) , all of which were among the expanded sample of Saar & Brandenburg (1999) , who excluded HD 219834A because the cycle period was comparable to the length of the data set. Except for the Sun, the remaining 20 stars of BST were all part of the 50 stars in the original program of Wilson (1978) . Plots of the time series and associated short-term Fourier transforms of many of these stars can be found in Olah et al. (2016) . In the following, we analyze the cycle periods of 35 stars, which include the 27 stars from Baliunas et al. (1995) , two additional stars from their sample (HD 22049 and HD 30495), and two stars observed by the Kepler mission-KIC 10644253 and KIC 8006161 (Salabert et al. 2016a; Kiefer et al. 2017) . We also include HD 128620 and HD 128621 (= α Cen A & B, Ayres 2014), along with the solar analogs HD 146233 (= 18 Sco; Hall et al. 2007b ) and HD 17051 (ι Horologii; Metcalfe et al. 2010) .
The sample of Saar & Brandenburg (1999) contains another 30 active and inactive stars from Baliunas et al. (1995) and one more photometric variable, as well as 28 superactive stars with periods up to 60 yr. Lehtinen et al. (2016) discovered secondary periods in some superactive stars in his sample of 21 additional stars. In the following, however, we restrict ourselves to the reduced sample of active and inactive stars, including those with short periods in the 1-3 yr range. It should be noted, however, that for a few stars from the CoRoT mission, Ferreira Lopes et al. (2015) claim to have found cycles even shorter than one year, but the data record is too sparse to be reliable. Their detailed study is beyond the scope of the present paper and requires a larger sample, including stars from the Kepler mission; see Reinhold et al. (2017) and Montet et al. (2017) for steps in that direction.
Representation of and fits to the data
Following BST, we plot ω cyc /Ω versus R ′ HK and determine the parameters to the fit
BST found ν I = 0.85 for inactive stars and ν A = 0.72 for active stars. In Equation (3), the index i stands for I (for inactive) or A (for active). Occasionally, we refer to these fits as short and long period branches, which is more compatible with the notion that inactive and active stars can have both cycle periods coexisting. Below, however, short cycle periods are found to range from 1.5 yr to 21 yr, whereas long ones start already at 5.6 yr, so the attributes long and short are only relative.
In the case of the Sun, which will be considered in Section 2.5 along with other G dwarfs, the longer period might correspond to the period of the Gleissberg cycle, which is about seven times longer than the basic 11 year solar cycle. This is too long to be determined for other stars with the currently available data sets. However, there are several stars whose basic cycle period is in the 1-3 yr range. Many of them also have a longer period in the 10-20 yr range. These fit well onto the two lines in the BST diagram.
For each of the two branches, the values of b i are nonintuitive, because they correspond to the value of ω cyc /Ω for log R ′ HK = 0, which is far away from realistic values. Therefore, it is not meaningful to compare b i , because it varies significantly even for small changes in ν i . Thus, we computẽ
which corresponds to the value of ω cyc /Ω at the VaughanPreston gap at log R ′ HK = log R ′ HKvp = −4.75. These values are listed in Table 1 along with ν i .
BST also consider the dependence of ω cyc /Ω on τ /P rot , which is similar to that on R ′ HK , because R ′ HK is well correlated with τ /P rot (Noyes 1983) . Within the range of interest for cyclic dynamos, i.e., for log R
with µ = 0.99, independent of which of the two branches the cycle frequencies lie on; see Figure 1 (c) of BST. Because µ is close to unity, we can compute the value of c simply from log c = log R ′ HK − log(τ /P rot ) sample ≈ −4.631 for the entire sample of stars.
Based on the possible coexistence of two branches for a given value of R ′ HK , we can compute values of ω cyc /Ω that would fall perfectly on either of the two branches. We refer to these as "computed" cycle periods. Departures from those values could be explained by a dependence on additional parameters, such as the depth of the convection zone d normalized by the stellar radius R, the metallicity [Fe/H], or the age, which might be affecting the cycle period.
In the present paper, we also compare with the BV diagram. When comparing trends in such diagrams, it is useful to convert the fits in the BST diagram using Equations (3) and (5), i.e., Noyes et al. (1984a) , i.e.,
with x = 1 − (B − V ). Thus, we have
which will be overplotted below in our BV diagrams for i = A and I, as well as given values of τ . In Table 1 we give the values of ν i andb i from BST, as well as for our sample of K dwarfs discussed in Section 2.4 and those obtained when including our sample of F and G dwarfs discussed in Section 2.5. There are several outliers that have been ignored in the calculation of the fit coefficients given in Table 1 . For HD 78366 (blue g symbol) and HD 114710 (blue j symbol), the shorter The two values of ν A and logb A for F,G dwarfs apply to the Aa and Ab branches of BV; see Section 2.5.
of the two cycle periods still fall close to the A branch. BV argued that their positions in the plot constitute a third branch, which she called the Ab branch. The situation is similar with the 19.2 yr period of HD 128620 (blue k symbol) and the the 12.9 yr period of HD 100180 (blue H symbol), both of which would fall on the Ab branch and will be discussed separately in Section 2.5. Therefore, they are not used in the determination of the I or A branches. We return to a detailed discussion of those stars in Section 3, where we argue that the shorter cycle periods close to the A branch are questionable. We also exclude the estimated 80 yr period of the solar Gleissberg cycle (blue A symbol) from the fit to the A branch. We emphasize, however, that none of these stars have been excluded from any of the plots.
2.3. Stellar ages Knowing the star's age is important when interpreting stellar cycles and especially the simultaneous appearance of two cycle periods. There has been significant progress in determining ages through gyrochronology and asteroseismology. For most of the stars, we have computed their ages from Equations (12)- (14) of Mamajek & Hillenbrand (2008) as
The age for HD 219834A is assumed to be the same as its cooler companion HD 219834B. We adopted asteroseismic ages for HD 17051 (Vauclair et al. 2008) , HD 128620, HD 128621 (Bazot et al. 2012) , HD 146233 (Li et al. 2012; Mittag et al. 2016) , KIC 8006161, KIC 10644253 , HD 186408 and HD 186427 .
K dwarfs
In Figure 1 , we plot the frequency ratio, ω cyc /Ω, versus R ′ HK for our sample of K dwarfs with well-defined cycles. We overplot the fits given by Equation (3) using the coefficients for all F, G, K stars listed in the last column of Table 1. The corresponding cycle periods are denoted by P I cyc and P A cyc , depending on which of the two branches they are closest to. The stars are indicated correspondingly by lowerand uppercase symbols.
Most of the K dwarfs seem to form a tight relation around lines that have a somewhat larger slope than to the fits for the full set of F, G, K dwarfs. To quantify this further, we determine a separate fit for K dwarfs, but exclude here HD 22049 (red E/e symbols) on both branches, as well as HD 165341A (red n symbol), HD 149661 (red k symbol), and HD 219834A (red r symbol) on the I branch. The fit parameters are listed in Table 1 under K stars, and correspond to lines with larger slopes than for the full set of stars, where the aforementioned stars are not ignored.
Three of our K dwarfs have two cycle periods. The occurrence of two cycle periods is not uncommon and has been reported in a number of earlier papers (see, e.g., Saar & Baliunas 1992; Soon et al. 1993) . When possible, both periods are listed in Table 2 together with other properties of the K dwarfs of our sample. We use the relative cycle amplitudes, A cyc , obtained by Saar & Brandenburg (2002) , to indicate the range of variation in R ′ HK during the cycle. For α Cen A and B, we compared their X-ray cycles with that of the Sun (Ayres 2014) and estimated their cycle amplitudes to be approximately three and two times smaller than for the Sun.
The spectroscopic parameters T eff and [Fe/H] in Table 2 are mostly from the Geneva-Copenhagen Survey (Nordström et al. 2004 ) and Ramírez et al. (2013) . However, we obtained values from other sources for HD 201091 and 201092 (Kervella et al. 2008) , HD 219834A (Gray et al. 2006) , and HD 219834B (Fuhrmann 2008) . For most stars, the activity indexes and cycle periods are from Baliunas et al. (1995) . Rotation periods and uncertainties come from Baliunas et al. (1996) and Donahue et al. (1996) . Exceptions are discussed in Section 3.
It is instructive to see where the stars shown in Figure 1 are located in the BV diagram. The result is shown in Figure 2. The solid lines show the fits found by BV (hereafter BV lines), whereas the curves correspond to the fit of BST, which has been converted into a P cyc versus P rot dependence using Equation (8) for three values of τ .
Interestingly, in the BV plot, the two cycle periods of HD 22049 (red E/e symbols) do fall onto the two branches. The same is true of HD 165341A (red N/n symbols), where the longer cycle period of 15.5 yr agrees well with the computed one (see Table 2 ), but the shorter one of 5.1 yr is twice as long as the computed one of 2.8 yr. In the BV plot, on the other hand, this star falls onto the lower (inactive) branch.
The two branches of BST correspond to a bundle of lines in the BV plot, because the conversion from one to the other requires an assumption about the value of τ ; see Equation (6) and the definition of C i , which involves τ . In the BV plot, the BST lines are not straight, but they would become straight in a double-logarithmic version of this plot. Some of the scatter can be explained by the fact that the K dwarfs have different values of τ .
F and G dwarfs
We now discuss F and G dwarfs listed in Table 3 . Here again, most of the spectroscopic inputs come from the Geneva-Copenhagen Survey (Nordström et al. 2004) , whereas the rotation and activity measurements and uncertainties are from Baliunas et al. (1995 Baliunas et al. ( , 1996 and Donahue et al. (1996) . For HD 128620, the data come from Ramírez et al. (2013) , Ayres (2014) , and Bazot et al. (2007) . For the Kepler stars, the spectroscopic parameters were obtained by Buchhave & Latham (2015) , and the rotation periods come from García et al. (2014) . For KIC 8006161, the activity index and cycle period were measured by Karoff et al. (submitted) . For KIC 10644253, the magnetic activity index and cycle measurement were done by Salabert et al. (2016a) .
In Figure 3 we plot ω cyc /Ω versus log R ′ HK for our sample of F and G stars. We compare these data points with the fits given by Equation (3) using the coefficients listed in Table 1. We see that there are now somewhat stronger departures than for the K dwarfs, particularly for low R ′ HK values. On the other hand, the fraction of active F and G dwarfs is larger than for the sample of K dwarfs. The solar 11 yr cycle (blue a symbol) now departs much more from the fit than in the original diagram of BST, where the shorter cycle period of 10 yr and a longer rotation period of 26.1 d (Baliunas et al. 1995) were used. HD 128620 (blue k symbol) is well below the fit line, but it is also old (5.4 Gyr) and extremely inactive compared to all the other inactive stars. It will therefore be interesting to find out whether this departure may be connected with the recent discovery of reduced magnetic braking for sufficiently inactive stars Metcalfe et al. 2016; , which has been associated with the dynamo having become subcriti- Table 2 . The upper and lower black solid lines come from fits to all F, G, K dwarfs, whereas red dashed lines correspond to fits for K stars only (see text). The gray boxes behind the letters indicate the statistical error in the period ratio and the spread of log R ′ HK between cycle minimum and maximum.
cal once the rotation rate drops below a critical rotation rate (Kitchatinov & Nepomnyashchikh 2017) . The BV plot for our sample of F and G dwarfs is shown in Figure 4 . It has more scatter than the plot for the K dwarfs in Figure 2 . However, systematic departures in the BST plot tend to correspond to similar departures in the BV plot. An example is HD 78366, where both the g and G symbols in the BST diagram of Figure 3 are also close to the line for active stars. This is similar for HD 114710, where the j and J symbols are close to the line for active stars. The blue g and j symbols fall along the Ab branch identified by BV. However, the significance of this branch remains uncertain, as will be discussed in Section 3.1. Our fit to this branch shown in Figure 3 (with parameters given in Table 1 Table 1 under F,G,K dwarfs, This was shown as the lower solid lines of Figures 1 and 3 . The combined BST diagram is shown in Figure 5 and will be discussed in detail in Section 3.
DISCUSSION OF INDIVIDUAL STARS
We now discuss individual stars, referring to their red roman symbols for K dwarfs and blue italics symbols for F and G dwarfs in Figure 5 . We frequently compare the observed cycle periods with the computed ones. Looking at Tables 2 and 3 , there are eight cases of stars with double periods (three K dwarfs, four G dwarfs, and two F dwarfs). In addition, we discuss the F dwarf HD 17051 (ι Hor) and the G dwarf HD 76151, for which longer cycle periods have tentatively been detected. The ages of these ten stars are between 0.6 and 2.3 Gyr; see Table 4 . We begin by discussing first the G dwarfs, where the phenomenon of two periods is particularly striking. HD 78366 (blue G/g symbols) is a young (0.8 Gyr) active G0V star with log R ′ HK ≈ −4.42. It has a longer period of 12.2 yr (good), which is close to the computed value of 9.9 yr for the active branch, but the shorter one of 5.9 yr (fair) is much longer than the computed value of 1.9 yr. The evidence for the shorter 5.9 yr period hinges on two pronounced "spikes" in the time series at times when the longer cycle is close to minimum. The periodogram of Egeland (2017) shows a peak at 5.9 yr and also one at 19.8 yr. However, using Zeeman Doppler Imaging, Morgenthaler et al. (2011) found two reversals between 2008 and 2011, which would be compatible with our computed cycle period of 1.9 yr. They also quoted a slightly longer rotation period of 11.4 d instead of 9.7 d. This would move the longer cycle period (blue G symbol) even closer to the A branch. This star from the Mount Wilson HK Table 2 and F and G dwarfs (blue italics symbols) listed in Table 3 . The upper and lower solid lines correspond to fits to the groups of short and long cycle periods on the branches of inactive and active stars, respectively. The gray boxes behind the letters indicate the statistical error in the period ratio and the spread of log R ′ HK between cycle minimum and maximum. The vertical dotted line at log R ′ HK = −4.95 corresponds to Prot/τ ≈ 2.1, which van Saders et al. (2016) identified as the position beyond which magnetic braking is reduced. The Vaughan-Preston gap at log R ′ HK = −4.75 is marked by an arrow.
Stars with two cycle periods
project is also being monitored with the Solar-Stellar Spectrograph 2 (SSS) at Lowell Observatory. Looking at Figure 3 , there is some similarity to HD 114710 (blue J/j symbols); in both cases, the shorter period is just one half of the longer one, so these data points are still close to the active branch.
HD 30495 (= 58 Eri, blue E/e symbols), is a young (1.1 Gyr) variable G1V star of BY Draconis type, and is considered a solar analog. No cycle periods were given by Baliunas et al. (1995) , and only recently did Egeland et al. (2015) discover a short cycle period of 1.67 yr and a long one of 12.2 yr. Both values agree well with the computed ones of 2.0 and 10.3 yr, respectively. Although the longer cycle period is apparent in the more recent time trace of Hall et al. (2007a) , the shorter one is not so clear owing to poor cadence. With log R ′ HK ≈ −4.49, this star is well above the Vaughan-Preston gap.
HD 190406 (= 15 Sge, blue N/n symbols) is a solar analog with an age of 2.3 Gyr and two cycle periods. It is similar to HD 30495, except that it is below the Vaughan-Preston gap and has log R ′ HK ≈ −4.80. Baliunas et al. (1995) determined a short cycle of 2.6 yr (fair) and a long one of 16.9 yr (good). Both values agree well with the computed periods of 2 http://www2.lowell.edu/users/jch/sss/ 3.3 yr and 17.3 yr, respectively. Egeland (2017) found 1.6, 2.6, and 18.7 yr from his periodograms. The shorter cycle period is also seen in the more recent observations by Hall et al. (2007a) . The short-term Fourier transforms of Olah et al. (2016) clearly show power for both periods, but with different strengths at different times.
HD 114710 (= β Com, blue J/j symbols) is an F9V star (1.7 Gyr) with two cycle periods that were determined by Baliunas et al. (1995) to be 9.6 yr (fair) and 16.6 yr (good). With log R ′ HK ≈ −4.75 it is in the Vaughan-Preston gap. The computed periods are 2.8 yr and 14.5 yr, respectively. Although the longer period is close to the computed one, the shorter one is much longer. However, looking at the time trace in Baliunas et al. (1995) , the observational cadence is insufficient to discern short periods in the 2-3 yr range. Therefore, it is conceivable that the shorter period of HD 114710 might not have been determined correctly. Egeland (2017) did find shorter periods of 5.1 and 6.5 yr in his periodograms. This star from the Mount Wilson HK project continues to be monitored with the SSS, thereby also allowing better verification also of the longer cycle period in the future.
HD 100180 (= 88 Leo, blue H/h symbols) is an inactive (log R ′ HK ≈ −4.92) F5V star (2.3 Gyr) with two cycle periods that Baliunas et al. (1995) determined to be 3.6 yr (fair) and 12.6 yr (fair). In this case, the shorter period agrees well with the computed one of 3.7 yr, but the longer one turns out to be 19.7 yr. However, given that the time series covered only 25 years, we cannot exclude that the actual period was longer. This impression is confirmed by direct inspection of the time series; see Olah et al. (2016) , who quote 16.6-9.85 yr for the range of the longer cycle period.
HD 22049 (= ǫ Eri, red E/e symbols) is a very young (0.6 Gyr) and active (log R ′ HK ≈ −4.46) K2 star, whose computed cycle periods of 1.8 yr and 9.7 yr are a bit shorter than the observed ones of 2.9 yr and 12.7 yr (Metcalfe et al. 2013) .
HD 165341A (= 70 Oph A, red N/n symbols) is an active (log R ′ HK ≈ −4.55) K1V star with an age of 2.0 Gyr, whose longer cycle period of 15.5 yr is a bit shorter than the computed one of 19.1 yr, whereas the shorter one of 5.1 yr is longer than the computed 3.6 yr period.
HD 149661 (red k/K symbols) is an active (log R ′ HK ≈ −4.58) K2V star with an age of 2.1 Gyr. The longer of the two periods is 17.4 yr, which is again a bit shorter than the computed value of 21 yr. We note in passing that Saar & Brandenburg (1999) quoted a cycle period of 16.2 yr. The shorter period of 4 yr agrees with the computed value. The monitoring of this star is being continued with the SSS.
HD 17051 (= ι Hor, blue c symbol) is a young (0.6 Gyr) F8V star with one of the shortest cycle periods ever detected (1.6 yr; Metcalfe et al. 2010 ). This agrees with the computed value. In Table 3 it is listed with a single period (which is why it is listed in parentheses in Table 4 ), but recent evidence now suggests the presence of a longer cycle of ∼ 5 yr as well (Flores et al. 2017) . The computed value is 8.6 yr. Strengthening the evidence for the existence of this longer cycle period should be an important goal for future observations.
For the Sun (blue a symbol), we have adopted a cycle period of 11 yr instead of the 10 yr that was determined by Baliunas et al. (1995) from their limited R ′ HK time series. As secondary period (blue A symbol), we took an estimated 80 yr Gleissberg cycle period. The computed value is only about half as long. However, the Sun is much older than the other stars with double periods, so the 80 yr Gleissberg period may not be a proper secondary cycle in the same sense.
Stars with only a short cycle
We consider stars whose frequency ratios ω cyc /Ω are close to those on the inactive or short cycle branch. The R ′ HK values are mostly below the Vaughan-Preston gap and older than 3 Gyr. Exceptions are HD 76151 (1.6 Gyr) and KIC 10644253 (0.9 Gyr), with ages for which there are many stars with longer cycles (Section 3.1). For HD 76151, Egeland (2017) reported a 20.9 yr period, which is close to the computed value of 16.1 yr, but for KIC 10644253, the observations are not long enough to confirm a longer period. In Table 4, HD 76151 has been listed in parentheses.
HD 201091 (= 61 Cyg A, red p symbol) is an inactive K5V star (3.3 Gyr) with a 7.3 yr cycle period that agrees with the computed value of 8 yr. Its surface field geometry has been assessed using Zeeman Doppler Imaging and is found to be solar-like . There is no evidence for a long-term cycle.
HD 10476 (= 107 Psc, red c symbol) is a K1V star (4.9 Gyr) with a 9.6 yr cycle period -in agreement with the computed 9.3 yr period. We note in passing that the rotation period used here is 35.2 d, as given in BST and Saar & Brandenburg (1999) , but BV listed 38.2 d, which may have been a typo.
HD 81809 (red h symbol) is an old (6.6 Gyr) and inactive star with only one period, which is a bit shorter (8.2 yr) than the computed one of 10.7 yr. Baliunas et al. (1995) classified it as a solar-like G2V star with B − V = 0.64, but suggested that the dominant component of this binary might be a K0V dwarf, for which BST used B − V = 0.80. In fact, with B − V = 0.64, the value of τ would be too small and Equation (5) would result in a value of R ′ HK that is too small, compared to the actual one. Egeland (2017) also quotes B − V = 0.64 for the dominant component.
HD 128620 (= α Cen A, blue k symbol) is an old (5.4 Gyr) G2V star in the southern hemisphere, and was therefore not included in the original sample of Baliunas et al. (1995) . It has one of the most extensive records in the X-ray (Ayres 2014) as well as in the far ultraviolet (Ayres 2015) wavelengths. Its cycle period of 19.2 yr is slightly closer to the 34 yr period computed for the A branch than the 6.5 yr value for the I branch. As will be discussed in Section 4.2, its estimated R ′ HK value of −5.00 is 0.2 dex smaller than expected, based on its rotation period. Neither circular nor linear polarization has been detected, indicating the absence of a net longitudinal magnetic field stronger than 0.2 G (Kochukhov et al. 2011) . It is fairly metal-rich, with [Fe/H]=0.23.
HD 128621 (= α Cen B, red j symbol) is a K1V star (also 5.4 Gyr, but with [Fe/H]=0.27). It is about 0.1 dex above the I branch in Figure 5 and its cycle period of 8.1 yr is slightly below the computed one of 9.7 yr.
HD 201092 (red p symbol) with B−V = 1.37 is the coolest K dwarf (3.2 Gyr) in our sample. Its primary cycle period of 11.7 yr is close to the computed value of 8 yr.
HD 219834A (= 94 Aqr, red r symbol) is the least active cycling star in our sample (log R ′ HK = −5.07). Baliunas et al. (1995) classified it as K5V dwarf, but Santos et al. (2010) determined it to be a G6/G8IV subgiant. Its age is 6.4 Gyr and its cycle period of 21 yr exceeds the computed value of 13 yr. At this low activity level, one expects reduced magnetic braking to have set in ), which could be responsible for departures from the computed value. This is expected to occur at a critical value of P rot /τ ≈ 2.1 (van , which, using Equation (5), corresponds to log R ′ HK = −4.95. This value is marked in Figure 5 by a vertical dotted line.
HD 103095 (blue i symbol) is an extremely metal-poor G8V star (4.6 Gyr) with [Fe/H] = −1.36. The cycle period of 7.3 yr agrees well with the computed one of 8.1 yr.
HD 76151 (blue f symbol) is an active (log R ′ HK = −4.66) G3V star (1.6 Gyr) with only a short cycle period of 2.5 yr. This agrees with the computed one of 3.1 yr. A longer period of 16.1 yr is computed, which is close to the 20.9 yr period found by Egeland (2017) , but it was not reported by Baliunas et al. (1995) . On the other hand, Egeland (2017) reported a 5.0 yr period, but his periodogram also shows a peak at 2.6 yr.
HD 146233 (= 18 Sco, blue l symbol) is the currently accepted best bright solar twin (4.1 Gyr). Its cycle period of 7.1 yr (Hall et al. 2007b ) agrees well with the computed value of 6.1 yr. Egeland (2017) found 1.9, 6.5, and 13.9 yr periods.
HD 166620 (red o symbol) is a slowly rotating inactive K5 dwarf (6.2 Gyr) with a cycle period of 15.8 yr, which is below the computed 11.7 yr value. It has log R ′ HK = −4.96, which is slightly (0.1 dex) below the value expected for its slow rotation period of 42.4 d. In all other aspects, it is unexceptional; it has a similar age and R ′ HK value to HD 16160 (red d symbol), which has an even longer rotation period of 48 d.
KIC 8006161 (= HD 173701, blue o symbol), is a G8V star (4.6 Gyr) with a short period of 7.7 yr, which is somewhat shorter than the computed 8.6 yr. With [Fe/H] = 0.34, this star has the largest metallicity in our sample.
KIC 10644253 (blue p symbol) is a young (0.9 Gyr) solar analog of spectral type G5V (Salabert et al. 2016a) , with a 1.5 yr cycle period (Salabert et al. 2016b ) determined from seismology, which is shorter than the computed period of 2.3 yr. The computed value for the longer cycle of 12.1 yr is not observed, but looking for a longer cycle should be a priority for future observations.
There are several other K dwarfs with single short cycles that are not discussed here in detail: HD 3651, HD 4628, HD 16160, HD 26965, HD 32147, HD 160346, HD 201091, and HD 219834B. In all of these cases, the observed cycle periods are close to the computed values. Their ages are in the range 3.3-7.2 Gyr. HD 1835 (blue b symbol) is a young G3V star (0.5 Gyr) with a cycle period of 9.1 yr, which is longer than the computed value of 6.4 yr for the active branch. Egeland (2017) found a slightly shorter value of 7.8 yr as well as a longer period of 20.8 yr, which is not, however, computed. Instead, there is a shorter computed cycle period of 0.8 yr for the inactive branch, which is not observed.
HD 152391 (blue m symbol) is an active G7V star (0.8 Gyr) with one period of 10.9 yr, which falls on the active branch with a computed value of 9.6 yr. The shorter period of 1.4 yr is not observed. This star from the Mount Wilson HK project is also being monitored with the SSS.
HD 20630 (blue d symbol) is a G5V star (0.7 Gyr) with a 5.7 yr cycle, which is close to the computed value of 7.5 yr for the active branch. The computed shorter cycle period of 1.0 yr for the inactive branch is not observed. Egeland (2017) found 5.7, 14.2, and 35.8 yr periods.
Other stars with only a single long cycle include the K dwarfs HD 115404 and HD 156026, with ages 1.4 and 1.3 Gyr, respectively. As can be seen from the 36 year time series analyzed by Olah et al. (2016) , a longer time series would be desirable in both cases. Of these stars, however, only HD 115404 continues to be monitored with the SSS.
3.4. Stars without cycles HD 186408 (= 16 Cyg A, blue q symbol) and HD 186427 (= 16 Cyg B, blue r symbol) are Sun-like dwarfs, but at an age of 7 Gyr they have no cycle. Table 3 gives computed cycle periods of 7.6 and 7.3 yr that are meaningless in this case. As we shall discuss later, their R ′ HK values are smaller than what is expected based on their τ /P rot values, which is a clear indication that they have experienced reduced magnetic braking . Figure 6 . The residual ∆ i versus B − V for the K dwarfs (red symbols) listed in Table 2 , and the F and G dwarfs (blue symbols) listed in Table 3 . Note the increase of scatter for small values of B − V .
DEPENDENCIES OF THE RESIDUALS ON OTHER QUANTITIES
Equations (3) and (5) define two distinct residuals:
with i = I and i = A for the inactive and active branches, respectively, and
for both branches. Both ∆ i and c should be constants, i.e., they should not depend systematically on any quantity unless there are indeed additional dependences; for example, on the depth of the convection zone, the metallicity, or the age. In the following, we consider these possibilities. Tuominen et al. (1988) suspected that ω cyc /Ω depends on the depth of the convection zone. This possibility arises because the α effect is proportional to the correlation length ℓ of the turbulence with α ≈ Ωℓ times some quenching function, as discussed in the introduction. By parameterizing the differential rotation in terms of the local double-logarithmic derivative, q ≡ d ln Ω/d ln r, we have Ω ′ = qΩ/r, where r is the radius, so Equation (2) yields ω cyc /Ω ≈ |qℓ/r| 1/2 . In the nearsurface shear layer of the Sun, we have q ≈ −1 (Barekat et al. 2014) ; however, in deeper layers, it is positive and of appreciable amplitude only in the tachocline (Schou et al. 1998) . If the turbulence governing the α effect is characterized by giant cells of a size comparable to the depth d of the convection zone, one would expect ω cyc /Ω ∝ (d/R) 1/2 ; see Equation (2). Evidence from stellar cycle data was presented in Tuominen et al. (1988) , but they ignored the additional dependence on R ′ HK . Therefore, one should consider the dependence of the residual ∆ i on d/R.
Dependence on convection zone thickness
As a very preliminary measure of d/R, let us first look at the dependence of ∆ i on B − V ; see Figure 6 . It is immediately evident that the scatter is much larger for F and G dwarfs on the left. For B − V > 0.9, the scatter is significantly smaller. This justifies our approach of considering the K dwarfs separately at first instance. Other than that, no systematic dependence on B − V is found.
Next, we compute the depth of the convection zone for all of the stars with a metallicity measurement. From B − V , we compute the mass using the Noyes et al. (1984a) relation for main-sequence stars. We then look for the closest model in Table 2 , and the F and G dwarfs (blue symbols) listed in Table 3 . The solid horizontal line marks the average, and the dotted horizontal lines the standard deviation. As elsewhere, the red e and n symbols, as well as the blue A, H, E, j, and g symbols are excluded from the fit. The blue k symbol is, however, included.
terms of mass and metallicity in the grid of models computed by van Saders & Pinsonneault (2012) , giving an estimate of the depth of the convection zone as listed in Tables 2 and 3 . The relation of the residuals with d/R is shown in Figure 7 for the K dwarfs of Table 2 in red roman symbols, together with the F and G dwarfs of Table 3 in blue italics symbols.
It turns out that, within error bars, ∆ i does not vary systematically with d/R. Thus, if ω cyc /Ω is indeed independent of d/R, we can expect that the correlation length of the dynamo is the same in stars with different values of d/R. This is remarkable, and suggests that changes in the depth of the convection zone are not important for the operation of stellar dynamos. However, the values of ω cyc /Ω are different by a factorb I /b A ≈ 6 on the two branches. This could be related to separate types of dynamos in a star, which are characterized by different correlation lengths. On the branch with a cycle 6 times longer, (ω cyc /Ω) 2 is 36 times smaller, and thus the correlation length is expected to be 36 times shorter. Shorter correlation lengths are normally associated with stellar surface layers, where the pressure scale height is smaller. This conclusion agrees with that of BV, who associated the active branch with a dynamo operating in the near-surface shear layer. This may well be compatible with the interpretation of See et al. (2016) , who found that the magnetic topology on the active branch has a strong toroidal component. Strong toroidal fields are suggestive of a shallow origin, whereas deeply rooted dynamos are expected to exhibit mostly poloidal fields at the surface.
The idea of different dynamos was already proposed by Durney et al. (1981) to explain the Vaughan-Preston gap. Although Durney et al. (1981) argued in favor of a change of magnetic field topology, BV talked explicitly about the simultaneous operation of two dynamos. She imagined both of them being interface dynamos, but that the dynamo on the inactive branch would be affected by mixing in deeper layers, whereas that on the active branch would operate preferentially in the near-surface shear layers of rapidly rotating G dwarfs. Meanwhile, global convective dynamo simulations Racine et al. 2011; Käpylä et al. 2012 ) have produced magnetic fields in the bulk of the convection zone. Some of the simulations have demonstrated the simultaneous occurrence of multiple dynamo periods within the same star (Käpylä et al. 2016; Beaudoin 2016) . In the simulations of Käpylä et al. (2013) , I and A branches have been found that were separated by a factor of four in ω cyc /Ω. These simulations produced longer periods near the bottom of the convection zone. By contrast, earlier mean-field models of Covas et al. (2000 Covas et al. ( , 2001 ) resulted in shorter periods, which would be in agreement with our interpretation. It would therefore be interesting to see whether any of these models can produce cycle diagnostics similar to those discussed in the present paper. Figure 8 . No reliable slope is found, although it is interesting to note that this would be in the right direction to explain the departure found for HD 128620 (blue k symbol). This argument would assume that the approximately linear relation between R ′ HK and τ /P rot remains valid and that the c in Equation (5) does not itself depend on [Fe/H] . Figure 9 shows that this is indeed the case.
In this connection, we recall that, for HD 81809 (red h symbol), we assumed B − V = 0.80, which might not be justified (Egeland 2017) . If we were to use B − V = 0.64, the value of τ would be smaller, and therefore c would be larger. This point is marked in Figure 9 with "(h)," which exceeds the average value of c by more than 0.2 dex. On the other hand, if Table 2 in red roman symbols, together with the F and G dwarfs of Table 3 HD 81809 is indeed a subgiant, as argued by Egeland (2017) , then Equation (5) might not be valid without additional adjustments.
4.3. Dependence on age Stellar activity decreases monotonically with age for dwarfs, so it is instructive to plot the residual c from Equation (11) versus log R ′ HK . Figure 10 shows that Equation (5) begins to fail for the smallest values of log R ′ HK < −5.0. Stars with very low activity are "superrotating," i.e., they rotate faster than expected based on their activity level. This is again a clear indication that these stars, notably 16 Cyg A and B (blue q and r symbols), α Cen A (blue k symbol), and KIC 8006161 (blue o symbol), have experienced reduced magnetic braking as a consequence of the large-scale cyclic dynamo having started to shut down (Kitchatinov & Nepomnyashchikh 2017) . For 16 Cyg A and B (blue q and r symbols in Figure 10 ), this has already happened.
As discussed by BV, the coexistence of long and short period cycles in some stars suggests that multiple stellar dynamos can operate simultaneously. As we have seen from Table 4 , this is a possibility for all stars younger than about 2.3 Gyr. This interpretation offers a fresh opportunity to consider the evolution of stellar cycles in the BST diagram as stars move from high levels of activity (right side of Figure 5 ) toward lower activity states (left side of Figure 5 ).
Evidently, long period cycles are dominant for stars on the active side of the Vaughan-Preston gap, whereas short period cycles dominate on the inactive side. This idea may help to explain some of the outliers discussed above. In particular, the short period cycle in HD 22049 (red e symbol), which is very young (0.6 Gyr), may be operating outside the optimal range of the underlying dynamo, so it falls below the pattern established by other cycles on the inactive branch. By contrast, HD 165341A (red n symbol) and HD 149661 (red k symbol) are older, and their short cycles agree reasonably well with the computed ones. HD 30495 (blue e symbol) is also fairly young (1.1 Gyr), but its short cycle period agrees with stars Figure 10 . Residual log R ′ HK − log(τ /Prot) versus log R ′ HK for the K dwarfs in red roman characters, together with the F and G dwarfs in blue italics characters. The cycle amplitude is indicated by the vertical extent of the gray boxes, whereas the horizontal extent denotes the spread of log R ′ HK between cycle minimum and maximum. Note the systematic departures for small values of log R ′ HK .
on the inactive branch. Evolving toward the Vaughan-Preston gap, short period cycles begin to appear slightly above the inactive branch (blue f and p symbols). At comparable activity levels, we see coexisting long and short cycles for HD 78366 (blue G/g symbols) and HD 114710 (blue J/j symbols). The long cycles in these stars fall on the active branch, whereas the short cycles appear to be outliers. Just across the VaughanPreston gap, we find HD 190406 (blue N/n symbols), which is the only star in the sample with long and short period cycles that both fall directly onto their respective branches. At an age of 2.1 Gyr, it is no longer very young.
Moving to lower activity levels we find HD 100180 (blue H/h symbols) at 2.3 Gyr, which shows a short period cycle on the inactive branch and a long period cycle that falls above the active branch. This could signal the operation of the underlying dynamo beyond its optimal range, although the long period cycles might simply exceed the reach of current time domain surveys. Below a critical activity level, even the inactive branch may no longer sustain coherent stellar cycles. Based on the positions of two solar analogs in the BV diagram, suggest that the short period cycle in HD 146233 (blue l symbol, 4.1 Gyr) may evolve away from the inactive branch toward the longer period cycle in HD 128620 (blue k symbol, 5.4 Gyr) before the cycle disappears entirely, as in the old solar analogs 16 Cyg A and B (Hall et al. 2007a; Metcalfe et al. 2015) at 7 Gyr. This transition appears to coincide with the reduced magnetic braking suggested by van Saders et al. (2016) , possibly due to a reconfiguration of the field toward smaller spatial scales as the global dynamo begins to shut down ). The Sun (blue a symbol, 4.6 Gyr) appears to be on the threshold of this transition, particularly during solar minimum. The absence of additional points at lower activity levels may simply reflect the disappearance of cycles below this threshold . Future observations of inactive Kepler stars will help to clarify this picture.
BST assumed that R ′ HK was a reasonable proxy of age. Gyrochronology and asteroseismology allow us now to express the frequency ratio directly in terms of age; see Section 2.3. A BST plot with age on the abscissa is shown in Figure 11 (a). Compared to the BST plot in Figure 5 , the scat- ter is larger. However, both plots agree, in that the long and short cycle branches overlap in the ranges −4.85 ≤ R ′ HK ≤ −4.45, 0.6 ≤ t/Gyr ≤ 2.3, (12) where both branches are populated. This is different from the original BST plot, where the overlap is almost absent.
In Figure 11 (b), we show R ′ HK versus age. It shows that all stars older than 2.3 Gyr have an R ′ HK value below the Vaughan-Preston gap. Most of the younger stars are above the Vaughan-Preston gap, except HD 100180 (blue h symbol), HD 114710 (blue j symbol), and HD 190406 (blue n symbol), which are below the gap. These exceptions are all G dwarfs with two cycle periods. This shows that all stars with long cycle periods are younger than 2.3 Gyr -even the rather inactive stars HD 190406 (blue n symbol) and HD 100180 (blue h symbol) in the lower right quadrant of Figure 11b .
The reverse is not true: many stars with short cycle periods can still be young and may only have a short cycle, namely HD 17051 (blue c symbol with P cyc = 1.6 yr). HD 76151 (blue f symbol with P cyc = 2.5 yr), and KIC 10644253 (blue p symbol with P cyc = 1.5 yr). However, it would be important to keep looking for longer secondary cycle periods, which may already have been found in the case of HD 76151 (Egeland 2017) . Pace et al. (2009) have suggested that the evolution across the Vaughan-Preston gap may be rather abrupt. Our Figure 11(b) could be compatible with this idea, especially for the F dwarfs, where we find several stars in a narrow interval around 1.7 Gyr outlining a jump in R ′ HK . For the K dwarfs, this may also happen, but it would be somewhat later-between 2 and 3 Gyr, although in our sample has no K dwarfs in that age range.
CONCLUSIONS
The present work supports the idea that longer and shorter stellar cycles tend to fall on one of two universal branches in the BST diagram. In the corresponding BV diagram, these lines are not universal, but correspond to a family of lines for different values of the turnover time. For K dwarfs, the values of τ lie within a relatively narrow range between 17 and 23 d, so the statistical quality between the BST and BV diagrams is similar. For F and G stars, on the other hand, the scatter is significantly larger in both the BST and BV diagrams.
It was already known that the BST diagram can be cast into an evolutionary diagram. However, unlike the previous interpretation whereby young stars would evolve along the active or long cycle period branch, we now see that all stars younger than 2.3 Gyr are capable of exhibiting longer and shorter cycle periods. This implies that the solar Gleissberg cycle would not be a secondary cycle in the same sense, because the Sun is older than 2.3 Gyr.
Our work has allowed us to compute secondary cycle periods that could be longer or shorter than the observed ones. It will be interesting to see whether this is borne out by future observations. For some stars, the possibility of as yet undetected shorter cycle periods in the 1-2 yr range is now a possibility, notably for the G dwarfs HD 1835, HD 20630, and HD 152391. Less clear is the situation for the K dwarfs HD 115404 and HD 156026, for which shorter cycle periods in the 3-4 yr range are possible. On the other hand, for the G dwarfs HD 76151 and KIC 10644253, for which shorter cycle periods have been detected, longer periods in the 12-16 yr range are possible, and may have been already found in the case of HD 76151 (Egeland 2017) . Similarly, for ι Hor (HD 17051), the star with a short cycle of 1.6 Gyr, a longer ∼ 5 yr cycle may have already emerged (Flores et al. 2017) . If this possibility gets confirmed, it will be interesting to see how the measured period would compare with the computed cycle of 8.5 yr. Such a time frame would be more manageable than those associated with the secondary Gleissberg-type cycles of solar-like stars. On the other hand, our work now suggests that the Gleissberg cycle of the Sun is distinct from the longer secondary cycles discussed here for our sample of ten stars.
We have found no systematic dependence of the period ratio or the activity level on metallicity or d/R. This suggests that these aspects of the dynamo are not strongly affected by the depth of the star's convection zone. This would be more suggestive of distributed dynamos, although it would be premature to make strong claims whereas the solar dynamo is not yet well understood. For the most inactive stars, cyclic dynamo activity has ceased and the chromospheric activity level has dropped below the value that is expected based on the star's rotation rate.
